INTRODUCTION
Increasing requirements in the wireless communication market demand integrated and compact radio frequency (RF) front-end products which are fully compatible with differential signal operation [1, 2] . Due to their excellent potential in terms of radiation pattern and frequency agility, parasitic element antennas (PEAs) are widely implemented in modern communication systems [3, 4] . Compared with a single antenna element, the PEA provides a larger degree of freedom and eliminates bulky feed distribution networks of antenna arrays. As a typical kind of PEA, Yagi-Uda antennas are widely employed in modern communication systems [5] [6] [7] [8] [9] [10] [11] [12] . However, many Yagi-Uda antenna designs are single-ended and thus incompatible with fully integrated RF front-end products.
In this paper, a new printed-circuit differential-fed Yagi-Uda antenna is presented that achieves enhanced bandwidth by employing a parasitic coplanar stripline (CPS) resonator. The advantage of this design is threefold: first, it increases the bandwidth while maintaining a gain better than 6 dBi; secondly, it improves the return loss; and thirdly, it provides a differential feed as required in modern RF front ends. The antenna is designed, fabricated and measured, and experiments validate the design approach.
ANTENNA DESIGN AND CHARACTERISTICS
The layout of the proposed printed-circuit differential-fed YagiUda antenna is shown in Figure 1 ; its dimensions are summarized in Table 1 . The proposed antenna is printed on a substrate with thickness of 0.8 mm and relative permittivity of e r 5 2.55. The parasitic CPS resonator is shown on the bottom surface. As usual, the Yagi-Uda antenna comprises a folded dipole, a director and a reflector. To reduce the footprint of this antenna, a stepped-width reflector is employed as previously investigated in [12] . Figure 2 shows the effect of the parasitic resonator on the differential reflection coefficient |S diff11 |. The bandwidth enhancement is clearly demonstrated when using the parasitic quarter wavelength CPS resonator depicted in Figure 1 .
Without this resonator, only a single resonance is in effect, providing a minimum reflection coefficient of only 25 dB. After the addition of the parasitic resonator, we observe two 
Value (mm) 60 65 10 10 10 15 13 40 resonances, and the reflection coefficient improves to better than 210 dB over a 10 dB return-loss frequency band of 2.23-2.55 GHz.
To understand how the parasitic resonator affects |S diff11 |, the lengths of the parasitic resonator (L p ) and their positions (P p ) are studied.
The effects of L p on |S diff11 | are shown in Figure 3 . When L p 5 18 mm, |S diff11 | fails to reach 210 dB in the desired band. When L p increases, |S diff11 | improves and settles at values below 210 dB in the band of 2.23-2.55 GHz. Beyond L p 5 20 mm, the bandwidth narrows again. Figure 4 exhibits the effect of the position P p of the parasitic resonator on |S diff11 |. With P p 5 36 mm, |S diff11 | < 210 dB cannot be obtained in the desired band. As P p increases, |S diff11 | improves and achieves values below 210 dB in the band of 2.23-2.55 GHz for P p 5 40 mm. Beyond P p 5 40 mm, the bandwidth decreases and reflection coefficient |S diff11 | increases.
To verify the design procedure, a prototype is fabricated as shown in Figure 5 . Measurements on differential input reflection coefficient, gain and radiation patterns are performed using an Agilent E5071B vector network analyzer and a far-field antenna testing system with a 1808 hybrid coupler as introduced in [13] . Figure 6 depicts a comparison between simulation and measurement of the reflection coefficient. Good agreement between experiment and simulation is observed. The measured results demonstrate that the reflection coefficient is below 210 dB in the band of 2.27-2.58 GHz. The lower resonance is more pronounced in the measurements than the second one. We attribute this fact to manufacturing tolerances.
Simulated and measured radiation patterns in both xy-and yz planes (c.f. Fig. 1 ) are shown in Figure 7 for three different frequencies. Directive patterns with 17 dB front-to-back ratio are obtained, and the crosspolarization level is down by more than 20 dB.
Gain measurements at 2.3, 2.4, and 2.5 GHz are presented in Table 2 . The measured gain is better than 6 dBi, however, it is up to 1 dB below the simulations. We attribute this fact to the loss of the 1808 coupler [13] which is included in the measurements to differentially feed the antenna.
CONCLUSION
A differential-fed Yagi-Uda antenna with enhanced bandwidth is proposed, designed and experimentally verified. Bandwidth enhancement is achieved by a parasitic resonator that provides an additional resonating mode. In the band of 2.27-2.58 GHz, about 6 dBi gain, 10 dB return loss and 17 dB front-to-back ratio are achieved by the antenna. Measured results verify the design procedure. LOG PERIODIC SLOT-LOADED CIRCULAR VIVALDI ANTENNA FOR 5-40 GHZ UWB APPLICATIONS
INTRODUCTION
Recently, much progress has been made in ultra-wideband (UWB) applications focused on high data rates and low fabrication cost. As an integral component of these UWB systems, antennas face serious challenges to achieve compact size, wideimpedance bandwidth, linear group delay, and stable radiation patterns [1] . The Vivaldi antenna was first analyzed by Gibson in 1971. Since then it has been extensively studied and used due to its low cost, light weight, wide-impedance bandwidth, and high gain features. It has been widely utilized, for instance, in ground penetrating radars. Theoretical analysis of Vivaldi antennas is discussed in Refs. 2,3. The Vivaldi antenna takes advantage of both coplanar and antipodal geometry. The coplanar Vivaldi antennas [4] are typically limited by their feed transitions, i.e., microstrip to slotline, which results in both high radiation loss and distorted radiation patterns at high frequencies. The Antipodal Vivaldi antennas also suffer from high cross polarization [5] although they usually have higher bandwidth, i.e., >10:1, in comparison to coplanar Vivaldi antennas.
The antenna size is also critical for many applications like aircraft, armored vehicles, tactical radios, and many other compact handheld devices. Reducing the antenna size not only limits its bandwidth but also results in degradation of gain and efficiency. Therefore various techniques have been developed to improve the performance of the miniaturized antennas for different applications. Considerable research has been conducted to improve the efficiency of Vivaldi antennas however few articles address the antenna miniaturization [9-11]. According to literature, the minimum size of the Vivaldi antenna is about 0.5k 0 , although they typically require a much larger antenna size to attain good performance. In Refs. [6, 7] , tapering of the edges is done to improve the impedance bandwidth and radiation pattern. A compact antipodal Vivaldi antenna is presented in Ref.
[8], which has relatively low gain. A step connection structure is proposed in Ref.
[12] providing a gain of up to 6 dBi. Elliptical tapering is demonstrated in Ref.
[13] to provide a large impedance bandwidth of 9 GHz. In Ref.
[11], it was shown that slotloading of the circular-type flares could increase the directivity providing increased gain, particularly in the higher frequency portion of the band.
In this article, a Vivaldi antenna with slot-loaded circular flares is presented. In this case, the slots are arranged in a log periodic fashion, to simultaneously provide broad impedance bandwidth, and significantly increased gain in the upper region of the band. To validate the significance of this approach, a conventional antipodal Vivaldi antenna and a Vivaldi antenna with simple non-slotted circular flares are prototyped and measured. The results show that the addition of the log periodic slots in the circular Vivaldi antenna enhances its directivity and bandwidth at higher frequencies as compared to the conventional designs. The antenna structures along with the feeding mechanism shown in Figure 1 have a simulated and measured peak gain of 12 dBi over a bandwidth of 5 to 40 GHz. The simulated and measured group delay is also provided for visualizing the frequency dispersion across the operational bandwidth. The addition of log periodic slots in circular Vivaldi antennas has a performance improvement over other compact Vivaldi antennas [8] [9] [10] , and also a size miniaturization as compared to previous designs [10,14].
PROPOSED ANTENNA DESIGN
The geometry of the designed antennas is presented in Figure 1 which demonstrates the progression from conventional Vivaldi antenna toward the log periodic slot-loaded Vivaldi antenna. 
